We perform calculations for the production of φ mesons in nuclei at energies just above threshold and study the A dependence of the cross section. We use results for the φ selfenergy in the medium obtained within a chiral unitary approach. We find a strong A dependence which is tied to the distortion of the incident proton and to the absorption of the φ in its way out of the nucleus. The effect of this latter process reduces the cross section in about a factor two in heavy nuclei proving that the A dependence of the cross section bears valuable information on the φ width in the nuclear medium. Calculations are done for energies which are accessible in an experimental facility like COSY.
Introduction
The study of the properties of vector mesons in a nuclear medium is one of the subjects in hadron physics which receives continuous attention (see for instance ref. [1] ). Although originally the ρ meson properties were mostly investigated, with the time the renormalization of the φ properties has been taking over as it is linked to the way kaons and antikaons are modified in the nuclear medium, which has also been the subject of intense study. One of the motivations for this latter work is the deviation of the K − selfenergy from the low density theorem, which is needed to reproduce kaonic atoms data [2] [3] [4] [5] , together with the possibility of formation of kaon condensates in neutron stars [6] .
Another reason why the φ properties have got a renewed interest is the fact that the medium renormalization in the case of the φ is relatively more drastic than that of the ρ. Indeed, predictions of an increase of the φ width by a factor five or six [7, 8] to ten [9] , at normal nuclear matter density, have been made using different chiral approaches. This large width should in principle be detectable experimentally and, indeed, different reactions have been studied or suggested like φ production in A − A collisions [10, 11] , the reaction π − p → φn in nuclei [9] or different methods based on inclusive φ photoproduction in nuclei [12] [13] [14] .
The width of the φ has not been the only matter of concern and the possible shift of the mass has also captured attention. In that sense, the φ mass change has been studied in several approaches like using effective Lagrangians [9, [15] [16] [17] [18] , QCD sum rules [19, 20] or the Nambu-Jona-Lasinio model [21] . In ultra-relativistic heavy ion collisions the φ width modification in matter has also been studied in a dropping meson mass scenario [17, [22] [23] [24] [25] [26] , as a result of collisional broadening through φ-baryon [27] or φ-meson [28] scattering processes. All these works point at a sizeable renormalization of the φ width and a small mass shift 1 . For this reason we will only be concerned about the φ width in the medium.
The aim of the present work is to propose a method to determine the φ width in the nuclear medium. The traditional method in the works quoted above (except [14] ) is to look for a broadening of the φ width reconstructed from the invariant mass of its decay products. Here, instead, we use a different philosophy and we investigate the A dependence of φ production in pA collisions, in a similar way as it was done in [14] with the φ photoproduction in nuclei, which is the subject of experimental investigation at Spring8/Osaka [29] . The advantage of performing the reaction slightly above threshold is that one can rule out the contribution from coherent φ production which might obscure the interpretation of the experimental results in [29] . The present reaction, with its particular kinematics, is amenable of experimental performance at facilities like COSY.
Nuclear effects in the φ production
In order to implement the relevant nuclear effects in the φ production cross section we will use a model based on many body techniques, successfully used in the past in many works [30, 31] to study the interaction of different particles with nuclei. The model assumes a local Fermi sea at each point in the nucleus and provides a very simple and accurate way to account for the Fermi motion of the initial nucleon and the Pauli blocking of the final ones. On the other hand, we have to take into account the distortion of the incoming nucleon and the final φ meson in the their way through the nucleus, which are evaluated in the present work using an eikonal approximation. In fact, the A dependence of the effect due to the final φ absorption will provide the way to test the modification of the φ meson width in nuclear matter, as we will explain in much more detail in the following, and which is the main aim of the present work.
Within the local Fermi sea approach the nuclear cross section can be evaluated, as a first approximation, as:
since 4
, where k is the momentum of the nucleon in the Fermi sea, k F the Fermi momentum at the local point, Θ the step function, p Lab the momentum of the incident proton and σ m the elementary pp → ppφ and pn → pnφ average cross section in the nuclear medium, which will be defined later in Eq. (8) .
At this point we can add in Eq. (1) the following eikonal factor to account for the distortion of the incident proton in its way through the nucleus till the reaction point:
where z and b are the position in the beam axis and the impact parameter, respectively, of the production point r of Eq. (1). In Eq. (2) σ pN is the total pp and pn averaged experimental cross section, taken from [32] , for a given incident proton momentum. Eq. (2) represents the probability for the proton to reach the reaction point without having a collision with the nucleons, since σ pN ρ is the probability of proton collisions per unit length. This eikonal approximation is accurate enough since, by being close to threshold, any time the incoming proton collides with a nucleon it is effectively lost for the φ production reaction because it loses enough energy to go below threshold. Although φ production below threshold is possible, and has been evaluated in [33] , the cross section falls very fast as the incoming proton energy decreases. Because of this, as we shall see, the approximation described above provides already a good description, although we shall also improve upon it.
The final φ absorption in its way out of the nucleus can also be accounted for by means of a similar eikonal factor and for the evaluation of the probability of loss of flux per unit length we can proceed as follows: let Π(p φ , ρ(r)) be the φ selfenergy in a nuclear medium as a function of its momentum, p φ , and the nuclear density, ρ(r). We have
and hence
where ω φ is the φ energy and P is the φ decay probability, including nuclear quasielastic and absorption channels. However, in what follows we shall only include in ImΠ the absorption channels of the φ, since in quasielastic φ collisions the nucleus will be excited but the φ will still be there to be observed. Hence, we have for the probability of loss of flux per unit length
and the corresponding survival probability is given by
where
with r the φ production point inside the nucleus. The study of the A dependence of the total nuclear cross section due to the φ absorption effect, Eq. (6), is the main aim of this work, since it reflects the modification of the φ meson width in nuclear matter.
Another relevant nuclear effect of sizeable consequences is the binding energy. When studying nuclear reactions with other beams, for instance photons, one usually neglects the binding energy, V N , because it affects both the initial and outgoing nucleons and then it cancels in the δ function of energy conservation. Therefore, one usually considers only the kinetic energy of the nucleons. In the present reaction, with a proton as incident beam, the same cancellation happens, because we have two initial and two final nucleons. However, in order to neglect V N of the nucleons we must consider the kinetic energy of the nucleon beam at the reaction point which is bigger than the asymptotic value due to the attractive potential felt by the proton inside the nucleus. This increase in the kinetic energy can be evaluated considering that E tot = E kin (asymptotic) = E kin (local) + V s (local), where V s is the potential due to the local Fermi sea, which in the Fermi model is
, with k F = ( 
This p ′ Lab is the incident proton momentum used as input to evaluate the elementary cross section.
The elementary cross section in the nuclear medium for p(p
where P = p ′ Lab + k − p φ , and A, providing the cosinus of the angle between P and p 1 ,
Gathering all these results the final expression for the φ production cross section in nuclei reads:
Since the angular dependence of the pp → ppφ cross section is almost flat [34] , we can conclude that the T matrix is a constant for a given energy. This means that we can divide Eq. (9) by the free reaction cross section to get rid of |T | 2 . The free reaction cross section can be easily evaluated as
The observable we will evaluate in the results section is R ≡ σ A /(Aσ f ree ) from Eqs. (9) and (10) .
For the evaluation of ImΠ in nuclear matter we use the results of the model of ref. [8] and its extension to finite φ-meson momentum done in [14] . This model is based on the modification of theKK decay channel in the medium by means of a careful treatment of the in medium antikaon selfenergies [7] . It uses a selfconsistent coupled channel unitary calculation, based on effective chiral Lagrangians, and taking into account Pauli blocking, pion selfenergies and mean-field potentials of the baryons (for the S-wave part) and hyperon-hole excitations (for the P-wave part).
In Fig. 1 we show the imaginary part of the φ selfenergy as a function of the φ momentum for different nuclear densities. The contribution to Π coming from the free φ decay into KK, non density dependent, has been subtracted from the full Π since the KK coming from the free decay would be detected and counted as a φ event, hence it does not contribute to the loss of flux required in the argument of the exponential in Eq. (6). Now we want to improve the former result taking into account φ production from twostep processes. Let us imagine we have a pN collision of the initial proton going to any other channel than φ production. In such cases the fast incoming proton will usually survive although with a reduced energy, by means of which it still can contribute to φ production. We estimate the contribution from this mechanism. The first step is to estimate the energy loss. The total pN cross section for T p = 2.5 to 3 GeV is around 40 mb and consist of 30 % elastic and 70 % inelastic, going mostly to several pion production. Estimating that the elastic collisions go in average around angles of θ = 30 o or bigger in the CM frame since θ ∈ [0 o , 30 o ] accounts for only 7 % of the phase space, the p energy loss in the lab frame is around 180 MeV or more. On the other hand, with an average three pions produced per collision, the amount of 500 MeV energy loss is a realistic figure. With the percentages given above for the elastic and inelastic collisions, one comes out with around ∆E ≃ 400 MeV loss per collision or more.
The probability that a φ is produced in a second step, after a prior pN collision, is easily calculated assuming that the proton goes still forward after the pN collision, which is essentially the case in the lab frame. Since σ pN ρ( b, z ′′ )dz ′′ is the probability of a pN collision in dz ′′ then the formula to evaluate the cross section for this process is given by Eq. (9) substituting
where we have introduced a new integration over z ′′ , the point of primary pN collision and the two exponential factors account for the probability that the p reaches the point z ′′ without any collision, times the probability that the struck proton reaches the φ production point without any other collision. In this sense we guarantee that there is one and only one primary pN collision. In Eq. (11) F (p) corresponds to the rest of the integral and factors in Eq. (9) as a function of the proton momentum in the nucleus. Hence, p ′′ Lab , which will be the proton momentum after the primary collision is given by Figs. 2 and 3 , we see that R is larger than unity in both cases and much larger for the lower T p . This is due to the Fermi motion. This increase of the nuclear cross section over Aσ f ree is a well known fact in subthreshold production in particle-nucleus as well as in nucleus-nucleus collisions [35, 36] . The reaction threshold is defined for the scattering on a nucleon at rest. Yet, at this threshold energy, the Fermi motion of the nucleons makes the reaction possible and the ratio R would grow up to infinity as we approach the threshold energy. At subthreshold energies, the correlated energy and momentum distribution accounted for by means of the nucleon spectral function helps to increase the cross section [37] , as well as the consideration of multi scattering processes [38, 39] . All these mechanisms become progressively less and less important as we go up to energies above threshold, and as we discuss below, the possible uncertainty of our results from neglecting these sources will not modify our conclusions, since we are interested in the form of the A-dependence of the cross section rather than in its absolute value. Indeed, the PS curve is practically constant with a good accuracy for all A. The effects discussed above, from the spectral function and multinucleon scattering mechanisms, are volume effects, not affected by the distortion of the initial proton or the absorption of the final φ. Thus the constancy in A of the corresponding PS calculations including these new effects would also hold with a somewhat increased cross section. Now if we look at ISI and FSI curves, we see that in both cases there is a sizeable decrease of R, particularly for ISI, which shows a stronger A dependence. Although the ISI and "total" curves are almost parallel, the absolute values decrease with A and therefore the contribution of the FSI becomes more and more prominent. This significant A dependence can be seen in the ratio of these two curves which is shown in Fig. 4 . We see that the ratio decreases from values around 0.8 for light nuclei to values close to 0.5 for heavy nuclei. From this figure we can conclude that in the A-dependence there is indeed valuable information concerning the φ absorption and hence, the φ width in the medium, which is the main conclusion of the present work. Now we pass to consider the contribution from the two-step process. We plot in Fig. 5 the ratio of the contribution of the two-step mechanism to the sum of the one and two-step mechanisms for what we call "total". We see that for T p = 2830 MeV this ratio is for all A smaller than 14%, for ∆E = 400 MeV, and the ratio is even smaller for lower energies. We have also performed the calculations for an energy loss of ∆E = 300 MeV, which we consider a conservative lower bound, and we obtain corrections smaller than 25 % for these energies. This means that the corrections due to this two-step process are small. Even then, we are concerned about the A dependence, no so much on the absolute values of the cross sections, since the φ absorption effect is reflected in this A dependence. Therefore, we show in Fig. 6 the ratio R( A X) normalized to R( 12 C) for the one-step and one-plus two-step mechanisms. What we see in the figure is that this normalized R barely changes when including the two-step mechanisms for both the T p considered. This is true even if we take ∆E ≃ 300 MeV. Therefore we conclude that the A dependence obtained in the present work is very reliable and the calculations clearly show that proton induced φ production in nuclei at energies just above threshold can indeed be used to get information on the φ width in the medium.
In order to see which is the experimental precision needed to get a definite information on the φ width in the medium we have performed the same calculations assuming φ widths in the medium to be one half or twice the width used so far [8, 14] . In Fig. 7 we show the results of these calculations for T p = 2.83 MeV (without the inclusion of the two-step process in the distortion of the incoming proton). Comparing Figs. 6 and 7 we clearly see that the uncertainties due to the second step mechanism are far smaller than the differences in the results obtained by using these different φ widths. The three curves shown there for the width of [8, 14] , half this width, and double, should serve to get a fair answer about the φ width in the medium by comparing with experimental results. Of course, the experimental work would essentially produce a piece of information contained for instance in the coefficient α of a possible A α dependence of the cross section. Hence, saying that one can extract the φ width in the medium from the experiment, implicitly means that one has to assume a smooth momentum dependence of the φ width in the medium, (which is the case in these theoretical calculations), and a certain density dependence, usually proportional to ρ, which is not far from the dependence of the model we use, such that only the coefficient of the assumed functional of p and ρ of the φ width can be determined. Now we address another question, which has to do with φ production in N = Z nuclei. The calculations of the φ production nuclear cross sections are done in symmetric nuclear matter. Hence in order to calculate the relative φ production cross section R = σ A /(Aσ f ree ), we implicitly took a total free elementary φ production cross section σ f ree = (σ pn,φ + σ pp,φ )/2, therefore in a strict sense our model is valid only for the nuclei with equal amount of p and n, i.e. up to 40 20 Ca in our calculation. Since the averaged |T | 2 used for elementary φ production cancels in the numerator and denominator of R, our model can also be considered for any other series of nuclei with the same ratio of Z/N. Experimentally we have poor knowledge about these elementary cross sections: there is experimental data [34] for the p p → p p φ reaction at one energy, close to the one used in our work, and nothing for p n → p n φ. Some models (see for example [40] ) tell us that σ pn,φ /σ pp,φ ≈ 5 for our energies. Nevertheless, our results can still be used to compare with experiment if one takes for σ f ree the isospin weighted combination (Nσ pn,φ + Zσ pp,φ )/A. Should we know these elementary cross sections we could compare with the experimental nuclear cross sections for N = Z nuclei multiplying the presents results for R by (Nσ pn,φ + Zσ pp,φ )/A. Note, however, that, even with σ pn,φ /σ pp,φ = 5, the ratio
for a very asymmetric nucleus like 238 U is just 1.15, a small correction compared to the effects from φ absorption in this nucleus. However, this correction is not so small if we consider that the difference in Fig. 7 for A ≃ 240 for the full φ width or twice this width is only of the order of 33% and between the full width and half this width is of the order of 25%. Hence, in order to determine the medium φ width with a precision of better than 50% from heavy nuclei the use of this isospin correction is important. On the other hand, if we take a nucleus like 40 Ca, which is isospin symmetric, the ratios of the curves with 2Γ, Γ and 0.5Γ to the one with 0Γ are 1.50, 1.35 and 1.20 respectively. This also means that a precission in the experimental ratio of cross sections with uncertainty of 15% would revert in an uncertainty in the φ width by the amount that we are considering. This information is useful when planning the experiment.
Conclusions
We have performed calculations of relative cross sections for φ production in nuclei in proton nucleus collisions with the aim to obtain information on the φ width in the nuclear medium. For this purpose we explored the A dependence of the cross section which is tied to the absorption of the φ in its way out of the nucleus. In the absence of initial proton and φ distortions the cross sections obtained are practically proportional to A.
Sizeable diversions from this linear dependence come when both distortions are considered. Although the initial state interaction was more effective reducing the cross section, even then we found sizeable changes due to φ absorption which result in an extra reduction of the cross section in about a factor of two in large nuclei. These predicted changes are large enough such that devoted experiments can obtain relevant information on the φ width in the medium. Since the A dependence of the cross sections, and not so much the absolute values, is important to learn about φ absorption, we present cross sections for heavy nuclei normalized to a light one, which should be specially suited for comparison with future experiments. We have also seen that in order to extract the optimum information on the φ width it would be useful to have data on φ production on neutron targets, for what experiments on the deuteron would also be most welcome. The calculations have been done at an energy just above threshold, which is accessible in the COSY facility at Juelich, and for which our theoretical treatment of the initial state interaction is easy and reliable. The results obtained in the present work clearly show that the modification of the φ width in the nuclear medium has sizeable effects in this reaction to the point that the actual experimental implementation of the reaction should provide a good measure of the strength of the medium φ width.
